
Tough Questions



If the dark matter particle is detected, what can we learn about its properties 
(e.g. spin)?  Would we be able to learn whether it interacts with the SM through 

the Higgs portal?

The answer to this question depends quite a bit on the actual scenario one has in mind.  Let’s look at 
some cases one can imagine, starting with the mass...

An Elastic Scattering Signal A Gamma-ray Line Signal

The energy spectrum of the recoiling nucleus is 
characterized by the reduced mass of the system.  For 

DM lighter than the target nucleus, there is an 
opportunity to infer the mass.

The energy of the gamma ray produced in a two-body 
final state is a simple function of the dark matter mass 

and the other particle mass.  Typically, there is a γγ 
line whose energy is MDM.

Colliders see dark matter as missing momentum, and thus only relativistically -- they are typically less sensitive 
to the mass than either of these cases can aim to be.
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FIG. 2: The photon multiplicity for the radiative processes
χχ → W +W−γ. The dots represent the MSSM model of
Table I, as computed with the FormCalc package [22] for a
relative neutralino velocity of 10−3. The thick solid line shows
the full analytical result for the pure higgsino limit of the
same model but with zero relative neutralino velocity. The
thin solid line is the corresponding approximation as given in
Eq.(3). Also shown, as dashed and dotted lines, are two pure
higgsino models with a lightest neutralino (chargino) mass of
10 TeV (10 TeV) and 1.5 TeV (2.5 TeV), respectively.

M2 µ mA mf̃ Af tanβ mχ m
χ±
1

Zh W± Ωχh2

3.2 1.5 3.2 3.2 0.0 10.0 1.50 1.51 0.92 0.39 0.12

TABLE I: MSSM parameters for the example model shown
in Fig. 2-4 and the resulting neutralino mass (mχ), chargino
mass (m

χ±
1

), higgsino fraction (Zh), branching ratio into W

pairs (W±) and neutralino relic density (Ωχh2), as calculated
with DarkSusy [3] and micrOMEGAs [4]. Masses are given
in units of TeV.

nature of the peak and the infrared divergence. For com-
pleteness, we have also included a very high mass (10
TeV) higgsino model which has received some attention
recently [17, 23] (even though thermal production of such
a neutralino in general gives a too large ΩCDM, unless one
allows for finetuning of parameters like the psedudoscalar
Higgs mass [24]). In addition, the case of a hypothetical
model with a very large mass shift is shown (where the
contributions from longitudinal W bosons dominate at
high energies).

Let us now consider those contributions to the gamma-
ray spectrum from the decay of heavy neutralinos that
have been studied earlier. Secondary gamma rays are
produced in the fragmentation of the W pairs, mainly
through the decay of neutral pions. In addition to the
secondary spectrum, there are line signals from the direct
annihilation of a neutralino pair into γγ [14] and Zγ [15].
Due to the high mass of the neutralino, these lines cannot
be resolved but effectively add to each other at an energy
equal to the neutralino mass.
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FIG. 3: The total differential photon distribution from χχ
annihilations (solid line) for the MSSM model of Table I. Also
shown separately is the contribution from radiative processes
χχ → W +W−γ (dashed), and the W fragmentation together
with the χχ → γγ, Zγ lines (dotted).
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FIG. 4: The same spectra as in Fig. 3, as seen by a detector
with an energy resolution of 15 percent.

For comparison, again using the model of Table I,
Fig. 3 shows the contributions from secondary photons
[17] and the line signals, as well as the new source of
photons from the internal bremsstrahlung diagrams of
Fig. 1.

The practical importance of the latter contribution can
be appreciated even more, when considering a finite de-
tector resolution of 15 %, which is typical for atmospheric
Cherenkov telescopes in that energy range; the result is a
smeared spectrum as shown in Fig. 4. One can see that,
although the strength of the γγ and Zγ lines already are
surprisingly large [7], the contribution from the internal
bremsstrahlung further enhances this peak by a factor of
2. The signal is also dramatically increased at lower en-
ergies, thereby filling out the “dip” just below the peak;
this latter effect will of course become even more pro-
nounced for better detector resolutions.
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If the dark matter particle is detected, what can we learn about its properties 
(e.g. spin)?  Would we be able to learn whether it interacts with the SM through 

the Higgs portal?

Another important quantity is the spin of the Dark Matter.

Spin-Dependent versus Spin-Independent 
Scattering

Distributions at Colliders

With coverage by enough targets, one can correlate 
experiments which see a signal and those which do 

not, to infer whether the dark matter has spin-
dependent interactions.  This would at least suggest 

the WIMP has a spin if there are positive signals in SD 
targets.

The spin of the DM itself is not generally directly 
accessible to colliders, but decay distributions of 

sibling particles into DM can distinguish between the 
space of possibilities.
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Figure 5: The points show the cos θ∗ll distribution for the S5 signal sample ("̃+"̃− →

χ̃0
1"

+ χ̃0
1"

−) after an integrated luminosity of 200 fb−1. The lines show the predictions for

angular distributions according to supersymmetry (solid black line, eq. 2.2), phase space

(dotted blue line, eq. 2.3), and universal extra dimensions (dashed red line, eq. 2.5). The

error bars on the data show the statistical uncerainty on: inner error bar: SUSY signal

only; intermediate error bar: inclusive SUSY with the SUSY background subtracted; outer

error: inclusive SUSY with both the SUSY and the SM backgrounds subtracted. The

narrow shaded band around the SUSY expectation shows how it is modified when the

sparticle masses are simultaneously changed for all sparticles by ±20 GeV, as described in

section 4.4. Systematic uncertainties in the SUSY and SM background subtraction are not

included here, but are discussed in sections 4.2 and 4.3.

space one or the UED-like one. This means cos θ∗ll does indeed measure the spin of
the sleptons for this point.

In fig. 6 we present the statistical separation expected for our test points (S5

and the Snowmass points) as a function of integrated luminosity. The significance
indicated is shows the gaussian-equivalent significance of each of two tests:

1. A test comparing the SUSY angular distribution (eq. 2.2) to the phase space
one (eq. 2.3) – demonstrating that there is sensitivity to spin in the dynamics;

and separately,

2. A test comparing the SUSY angular distribution to the UED-like one (eq. 2.5)
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“Slepton” Decays

3

TABLE I: Parameters of the xenon isotopes used in this analysis: nuclear total angular momentum and parity of the ground
state, JP , predicted expectation values of the total proton and neutron spin operators in the nucleus hSn,pi by the Ressell and
Dean (Bonn A potential) [14], Toivanen et al. (Bonn CD potential) [16] and Menendez et al. (state-of-the art valence shell
interactions) [17] calculations.

Ressell and Dean [14] Toivanen et al. [16] Menendez et al. [17]

Nucleus JP hSni hSpi hSni hSpi hSni hSpi
129Xe

�
1
2

�+
g.s.

0.359 0.028 0.273 �0.0019 0.329 0.010
131Xe

�
3
2

�+
g.s.

�0.227 �0.009 �0.125 �0.00069 �0.272 �0.009
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FIG. 1: Structure functions for 129Xe (top) and 131Xe (bot-
tom) for the case of neutron (plain) and proton (dashed) cou-
plings, as a function of recoil energy using the calculations of
Ressell and Dean [14], Toivanen et al. [16] and Menendez et
al. [17]. The di↵erence is most significant in the case of the
proton coupling for the Toivanen et al. results.

sults. Table I summarizes the expectation values of the
total proton and neutron spin operators in the nucleus for
129Xe and 131Xe in the zero momentum transfer limit.

Constraints on the spin-dependent WIMP-nucleon
cross sections are calculated using the Profile Likelihood
approach described in [31]. Systematic uncertainties in
the energy scale and in the background expectation are
taken into account when constructing the Profile Like-
lihood model and are reflected in the actual limit. It
is given at 90% C.L. after taking into account statisti-
cal downward fluctuations in the background. We as-
sume that the dark matter is distributed in an isothermal
halo with a truncated Maxwellian velocity distribution
with a local circular speed of vc = 220 km/s, galactic
escape velocity vesc = 544 km/s and a local density of
⇢ = 0.3GeV cm�3 [8].

The resulting upper limits from XENON100, along
with results from other experiments, are shown in Fig-
ure 2 for neutron couplings (top panel) and proton cou-
plings (lower panel). The 1� (2�) uncertainty on the
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP
SD cross section on neutrons (top) and protons (bottom) us-
ing Menendez et al. [17]. The 1� (2�) uncertainty on the
expected sensitivity of this run is show as a green (yellow)
band. Also shown are results from XENON10 [22] (using
Ressel and Dean [14]), CDMS [23, 24], ZEPLIN-III [25] (us-
ing Toivanen et al. [16]), PICASSO [26] , COUPP [27], SIM-
PLE [28], KIMS [29], IceCube [30] in the hard (W+W�, ⌧+⌧�

for WIMP masses <80.4GeV/c2) and soft (bb̄) annihilation
channels.



If the dark matter particle is detected, what can we learn about its properties 
(e.g. spin)?  Would we be able to learn whether it interacts with the SM through 

the Higgs portal?

(More) Gamma Ray Lines

If one observes multiple lines, one may infer the mass of the dark matter and also additional 
particles in γ+X channels.  The presence of a bright γh line (which is net Spin S = 1) would be 
suggestive of dark matter which is a Dirac fermion or vector particle based on conservation of 

angular momentum and Fermi statistics.
Spin is challenging for any detection technique, and an accurate measurement by any one technique requires us 
to “get lucky” in a particular way.  Since evidence may be circumstantial, combinations of different probes can be 

particularly powerful here.
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Figure 8: Spectra obtained for di↵erent choices of mass parameters and coupling g

Z0
⌫,t = 1 (black),

g

Z0
⌫,t = 3 (gray), ⌘ = 10�3 (solid), ⌘ = 10�2 (dotted) that lead to the correct relic density and satisfy
direct detection constraints. Upper plots are for ⌘ = 10�3 only since for these choices of couplings
and MZ0 mass ⌘ = 10�2 is excluded by direct detection constraints. �⌦ = 10�5, and a NFW dark
matter profile is assumed. Dot-dashed lines are for the adiabatically-contracted profile in Table 1,
�⌦ = 10�5, gZ

0
⌫,t = 1 and ⌘ = 10�3

. EGRET data are from [33, 34], HESS from [32] and Fermi
from [35].
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If the dark matter particle is detected, what can we learn about its properties 
(e.g. spin)?  Would we be able to learn whether it interacts with the SM through 

the Higgs portal?

We saw discussion of determination of couplings to various particles during the presentations.  
Coupling to the Higgs is particularly challenging.

The most obvious way to infer DM coupling to 
the Higgs would be to see the Higgs decaying 
into DM.  This will only be possible if the DM 

mass is less than Mh / 2.

For heavier DM, things are much less straight-
forward at colliders.
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Figure 1: �W vs �t for the expected SM measurements (left) and the actual measurements (right), assuming mH = 126 GeV.

example, including all Standard Model Higgs couplings,
but no free coupling to photons we find three equally
likely points:

�W �Z �t �b �⌧ �2/d.o.f.
-0.03 -0.02 -0.25 -0.25 -0.90 27.7/49
-0.05 -0.04 -0.34 -1.73 -0.70 27.6/49
-0.29 -0.09 -1.65 -0.32 -0.70 27.7/49

In the second and third line the bottom and top
Yukawa coupling, respectively, have changed sign. As
expected, we cannot distinguish such alternative scenar-
ios with the current data.

Local picture — from the exclusive log-likelihood maps
we can extract individual Higgs couplings. We are di-
rectly sensitive to �W,Z,⌧ and can extract �t from the
e↵ective photon and gluon couplings as well as �b from
the total width. As we will see below, we can even con-
strain an additional free parameter �� .

Of course, extracting any smaller number of model pa-
rameters is technically easier and will lead to smaller er-
ror bars. For example, we can test a hypothetical uni-
versal form factor of all tree-level Higgs couplings,

�x ⌘ �H for all x . (4)

In Fig. 2 we show the expected and observed central
value and error bar on this form factor. Such a form fac-
tor is barely consistent with the Standard Model value
�H = 0. Its low central value is a result of all three third-
generation Yukawa couplings tending towards smaller
values. Quoting this result we need to keep in mind that
it is only sensible if all individual �x are consistent.

Two-parameter fits, on the gauge coupling side, are
motivated by electroweak precision data. In the absence
of new physics signals these measurements point towards
�W = �Z . We define

�W = �Z ⌘ �V

�b = �t = �⌧ ⌘ �f . (5)

While the vector boson coupling in Fig. 2 is measured
in complete agreement with the Standard Model the
Yukawa couplings have consistently low best-fit values.
However, within the uncertainties this is no problem.

Obviously, what we really want to extract (if possible)
is the set of all couplings individually. Figure 2 shows
the central coupling values for W and Z-bosons as well
as the third-generation fermions.
Comparing the expected to the observed uncertainties

we see that the two massive gauge couplings are extracted
very well after including the 8 TeV data. The indirectly
measured top and bottom Yukawa couplings come out
slightly low, but agree with the Standard Model expec-
tations within relatively large error bars. Those are due
to their indirect determination. A tau Yukawa coupling
is not experimentally established yet. For example com-
paring the measured value of �b with the ratio �b/W we
see no significant improvement. The ATLAS and CMS
measurements are still largely statistics limited, so form-
ing ratios does not help.
As widely discussed in the literature, the observed

number of Higgs events decaying to photons is slightly
larger than the Standard Model expectation. In Fig. 2
we see that without a free Higgs coupling to photons the
best fit resides around �W ⇠ 0. The central point for the
top Yukawa is �t ⇠ �0.25, enhancing the Higgs branch-
ing ratio to photons, but reducing the production cross
section from gluon fusion. However, the central value
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Figure 2: Results based on 2011 and 2012 data, for the SM
signal expectation and for the data (mH = 126 GeV). We also
show the form factor result �H and universal fermion and
boson couplings �V,f . The band indicates a ±20% variation.

1207.6108

Direct Detection can be suggestive.  If the Higgs is 
the dominant mediator of (SI) scattering, one 

expects that the cross sections with protons and 
neutrons will be equal, which tells one how to scale 

from one target to another.

Knowing the Higgs mass suggests regime of cross 
section ~ 10-45 cm2 [but note this also assumes the 

DM-Higgs coupling is O(1)].



If the dark matter particle is detected, what can we learn about its properties 
(e.g. spin)?  Would we be able to learn whether it interacts with the SM through 

the Higgs portal?

The spectrum of (e.g.) gamma rays and 
neutrinos from annihilations can be difficult 
to read, but evidence of heavier particles in 
the right proportions would be suggestive 

of the Higgs as a mediator.

10 102 103
10⇥6

10⇥5

10⇥4

10⇥3

Energy in GeV

P
o
si
tr
o
n
fr
ac
ti
o
n

e�

e

⌅L⌅R

⇧L
⇧R

q
b

t

WT
WL

ZTZL

h

10 102 103
10⇥8

10⇥7

10⇥6

10⇥5

Energy in GeV

A
n
ti
⇥
p
ro
to
n
fr
ac
ti
o
n

p

⇧R

q

b

t

WT

WL

ZT

ZL

h

10 102 103
10⇥2

10⇥1

1

10

Energy in GeV

d
lo
g
N
⇤
�dlogE

⇤

Figure 7: Comparison of the electron (left) and proton (center) fractions and photon
(right) fluxes produced by possible DM annihilation channels, for M = 1 TeV.

is sometimes considered as favored, but we do not attach a statistical meaning to this
sentence.

Marginalizations over nuisance parameters and other statistical operations are per-
formed as described in Appendix B of [37]. We will show plots of the ⌅2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to ⌅2 < ⌅2

min + n2, irrespectively of the number of data points. We will not report
the value of ⌅2/dof as it is a poor statistical indicator; furthermore the number of dof
is not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are e�ectively irrelevant.

5 PAMELA positron data

We start our data analysis considering only the PAMELA e+/(e+ + e�) observations (16
data points) [3].

Taking into account the DM distribution and positron propagation e�ects in the
Galaxy, the energy spectra of the positron fraction originating from di�erent DM an-
nihilation channels is plotted in the left panel of Fig. 7 for the DM mass M = 1 TeV.
As expected, the most energetic positrons come from the pure leptonic channels and the
softest spectra are produced in quark annihilation channels.

Fitting data as described in the previous section, Fig. 8 shows how well the possible
DM annihilations into two SM particles can fit the PAMELA positron excess. Fig. 9
shows the boost factor Be (with respect to the cross section suggested by cosmology,
⇥v = 3 10�26 cm3/sec) and Be · ⇥v that best fits the PAMELA excess. We see that DM
annihilations into e, µ, ⇤,W can reasonably well reproduce the data for any DM mass,
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It has turned out that missing transverse energy is a very effective signature for 
discovery at the LHC. So, have we ruled out WIMP dark matter with mass below 

500 GeV? 

No.
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ATLAS-CONF-2013-047, ATLAS-CONF-2013-007, ATLAS-CONF-2012-152 
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Inclusive searches for squark and gluino production 

Extensive “jets + X + ETmiss ” programme 
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Most recent CMS references (8 TeV): 1303.2985, PAS-SUS-12-018 
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Question: It has turned out that missing transverse energy 
is a very effective signature for discovery at the LHC. So, 
have we ruled out WIMP dark matter with mass below 500 
GeV? (CF4) Answer: No. (Tim Tait)

Lian-Tao Wang

I will address: What is the reach for WIMPs at colliders? 



WIMP

- Much of the parameter space can be probed at 
high energy colliders. 

1.2 Discovery Stories 9

electroweak observables such as properties of the top quark and electroweak gauge bosons can also provide
hints for new physics. These are discussed in the top and precision electroweak working group reports.

Naturalness: Before discussing individual physics scenarios, we comment on the notion of naturalness,
which motivates much of the new physics we discuss below. Naturalness as used here is the idea that
physically measurable parameters (such as masses of particles) should not depend sensitively on fundamental
input parameters. In the standard model, the mass of the Higgs boson mh is generally quadratically sensitive
to larger mass scales ⇤, such as the unification or Planck scale, and obtaining mh ⌧ ⇤ requires an accurate
adjustment of fundamental parameters of order m2

h/⇤
2 ⇠ 10�32 for the Planck scale. Eliminating this fine-

tuning has been a primary motivation for physics beyond the standard model, including supersymmetry,
composite models, and extra dimensions.

Very roughly, all these extensions reduce the scale ⇤ to which the Higgs boson mass is sensitive to the TeV
range. The LHC14/300 will perform a wide range of searches for many kinds of new physics with reach
extending to several TeV. Although fine-tuning is notoriously di�cult to quantify precisely, it is probably
fair to say that these null results imply some degree of fine-tuning in all of these models, perhaps at the
level of 10�2. Even if this is the case, it is worth keeping in mind that this represents a tuning of a single
parameter, and 1% accidents are not uncommon in nature. For example, the leading quadrupole moment
anisotropy in the cosmic microwave background is tuned by more than 1%, even with cosmic variance taken
into account. Before the other multipole moments were measured, this was seen as a problem for the standard
cold dark matter cosmology, but the measurements of 100’s of other multipoles have spectacularly confirmed
this picture in detail. Similarly, while not finding any new physics at the LHC14/300 would be an unwelcome
surprise, it does not diminish the importance of investigating the ideas that eliminate the 10�32 tuning of
the standard model.

Particle physicists have also investigated the possibility that tuning in the Higgs mass as well as the (much
larger) tuning of the cosmological constant are the result of the fact that fundamental parameters may be
tuned by anthropic selection e↵ects. Even in such a scenario, the existence of dark matter and gauge coupling
unification still motivate new physics at the electroweak scale.

Dark Matter One of the best motivated dark matter candidate is the Weakly Interacting Massive Particle
(WIMP). It begins with the simple assumption that dark matter couples weakly to the Standard Model
particles, and they are in thermal equilibrium in the early universe. In this scenario, there is an upper limit
on the WIMP mass

m
WIMP

 2 TeV

✓
g2
e↵

0.3

◆
, (1.1)

where g
e↵

is the coupling strength between dark matter and the Standard Model particles. The most model
independent collider search relies on the associated production of a pair of WIMPs together with a hard
radiation, e.g., a jet, a photon, etc []. LHC14/300 will only cover the WIMPs up to a couple hundred GeV,
while LHC14/3000 can probably double the reach. At the same time, a higher energy VLHC at 33/100
TeV can really extend the reach of WIMPs into the TeV(s) regime and cover the main parameter region of
the WIMP scenario.

Little Hierarchy Naturalness arguments point towards TeV scale as the place for new physics. However,
there is a well known tension between this expectation and the outcome of a host of low energy precision
measurements, including flavor changing neutral current processes, CP violation, as well as electroweak
precision measurements. In the simplest new physics models, the absence of any deviation from the Standard

Community Planning Study: Snowmass 2013

DM

DM

SM

g2eff: coupling between WIMP and SM



“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.
Can have blind spots/regions especially at pp collider.

DM
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“standard” story.

DM

No discovery
 yet

Of course, still plausible, will keep looking.
Higher energy ⇒ higher reach

Lepton collider ⇒ cover possible blind spots



Back to basics.

- VLHC can cover most of the WIMP parameter space. 
- High energy lepton collider can give clean signal up to MWIMP ≲ 0.5×ECM 

- Can probe sterile neutrino scenarios as well. 

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

mono: jet, γ, Z, b, ...

Reach for SUSY WIMPs at pp colliders

mono: jet+γ
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Questions about: 
DM spin/mass, higgs portal,  origin of stability

I will elaborate on: 
What can collider measurements say about these?

The measurement of these properties can give evidence 
for whether DM has single or multiple components. 
1) Could find two or more different DM particles. 
2) Could find out DM particle produced at the collider can 
not account for the full relic abundance. 



Measurements at colliders
- DM coupling. Qualitatively, if DM 

found in SUSY decay chain, can infer couplings from 
decay products. 

found in mono-jet: couples to quark and/or gluon

found in mono-jet+photon: couples to quark/anti-quark

found in mono-b: evidence for Higgs portal

found in VBF only: couples to gauge bosons 



Measurements at colliders
- DM coupling. Qualitatively, if DM 

found in SUSY decay chain, can infer couplings from 
decay products. 

found in mono-jet: couples to quark and/or gluon

found in mono-jet+photon: couples to quark/anti-quark

found in mono-b: evidence for Higgs portal

found in VBF only: couples to gauge bosons 

- what symmetry ⇒Stability?

for example: Z2  vs Z3 

Different Kin. distributions.
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Figure 8: MT2 distribution for combined E2 and E3 type events (1 ∶ 2 ratio) before (left panel)
and after (right panel) the RPt > 5 cut for the case with one visible particle per decay chain. The
mother mass is M = 400 GeV and the DM mass mDM = 150 GeV. The trial mass is chosen to be
m̃ = 25 GeV. The solid red (dashed blue) lines represent the theoretical predictions for the upper
edges of MT2 distributions for E2 and E3-type events, respectively.

small number of) E2-type events which passed the cut. So we need an algorithm to get rid of those

“background” events and do a fit to the MT2 distribution in order to find Mmax
T2 . The details of

the method we employed are discussed in App. C. We apply the above techniques to the simulated

events. The values of mother and DM masses we obtained from this analysis are 394 ± 8 GeV and

142±13 GeV, which agree quite well with the theoretical values (400 GeV and 150 GeV). However,

we expect that uncertainty in energy measurements would introduce additional errors so that a

more thorough analysis taking into account these effects (which is beyond the scope of this paper)

is needed in order to be more realistic.

For comparison, we consider now Z2 models. In these models, we have either E2 or E2+ν events.

For pure E2 type events, we have already shown in the upper panels of Fig. 7 that the upper edge

of MT2 distribution is not reduced after the RPt cut (note that this would not be true if the RPt cut

is “biased”). For completeness, we also consider Z2 models where the mother can decay into one

DM or one DM plus neutrino, with the visible particle in the two decay chains being identical. We

again assume that both branching ratios are 50%. Thus, we will obtain a combination of E2 and

E2 + ν-type events. The MT2 distributions in this case are shown in Fig. 9. The left panel shows

that before the RPt cut, the upper edge of MT2 distribution agrees with the theoretical prediction

of E2 type events and does not have a kink. And, by comparing with the right panels of this figure

(i.e., after the RPt cut, when mostly E2 +ν-type events survive) we can see that the location of the

27
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More measurements at pp collider

- Only measures sum of DM momenta.

- Mass.

Inferred from kinematical distribution.

- Spin.

Similar story. 

- Difficult, need

well separated signal sample

accurately identify decay topology

accurately measure kin. distribution

Very high statistics.

3

FIG. 2: The unit-normalized MT2⊥ distribution (19) for the
same-sign dilepton channel in a SUSY model with LM6 CMS
mass spectrum and a choice of test mass M̃c = 100 GeV.
The yellow shaded distribution shows the theoretically pre-
dicted shape (19), matching very well the parton level result
from PYTHIA with no cuts (red histogram). The green (blue)
histogram is the corresponding result after PGS detector sim-
ulation with mild (hard) cuts as explained in the text. The
endpoint expected from eq. (16) is 132.1GeV and is marked
with the vertical arrow.

LM6, the chargino (sneutrino) mass is Mp = 305.3 GeV
(Mc = 275.7 GeV), and the rest of the SUSY mass spec-
trum can be found in [13]. In our simulations we use
the PYTHIA event generator [14] and the PGS detector
simulation program [15].
The variable MT2⊥ has several unique properties.

Eventwise, it can be calculated analytically as

MT2⊥ =
√

AT⊥ +
√

AT⊥ + M̃2
c , (15)

AT⊥ ≡
1

2
(|!p1T⊥ ||!p2T⊥ |+ !p1T⊥ · !p2T⊥) .

The endpoint of the MT2⊥ distribution is given by

Mmax
T2⊥

(M̃c) = µ+
√

µ2 + M̃2
c , (16)

in terms of the parameter µ introduced in [6]

µ ≡
Mp

2

(

1−
M2

c

M2
p

)

. (17)

Eq. (16) reveals perhaps the most important feature of
the MT2⊥ variable: its endpoint is independent of the
upstream PT and can thus be measured with the whole
data sample. We can even predict analytically the shape
of the (unit-normalized) differential MT2⊥ distribution

dN

dMT2⊥

= N0⊥ δ(MT2⊥−M̃c)+(1−N0⊥)
dN̄

dMT2⊥

, (18)

where N0⊥ is the fraction of events in the lowest M̃c bin

FIG. 3: Observable MT2⊥ distribution after hard cuts for 100
fb−1 of LHC data. The total stacked distribution consists of
the SUSY signal (red) and the SM background (blue). The
solid line is the result of a simple linear fit, revealing endpoints
at 134.4 GeV and 172.4 GeV.

MT2⊥ = M̃c, while the shape of the remaining (unit-
normalized) MT2⊥ distribution is given by (see Fig. 2)

dN̄

dMT2⊥

=
M4

T2⊥
− M̃4

c

µ2 M3
T2⊥

ln

(

2µMT2⊥

M2
T2⊥

− M̃2
c

)

. (19)

Notice that this shape does not depend on any unknown
kinematic parameters, such as the unknown center-of-
mass energy or longitudinal momentum of the initial hard
scattering. It is also insensitive to spin correlation ef-
fects, whenever the upstream momentum results from
production and/or decay processes involving scalar par-
ticles (e.g. squarks) or vectorlike couplings (e.g. the QCD
gauge coupling). It is even independent of the actual
value of the upstream momentum PT . Thus we are not
restricted to a particular PT range and can use the whole
event sample in the MT2⊥ analysis. For any choice of
M̃c (in Fig. 2 we used M̃c = 100 GeV), eq. (19) is a one-
parameter curve which can be fitted to the data to obtain
the parameter µ and from there the MT2⊥ endpoint (16).
As always, there are practical limitations to the use

of such shape fitting. First, the shape (19) is modified
in the presence of “mild” cuts, which are required for
lepton identification in PGS (green histogram in Fig. 2),
and more importantly, for the discovery of the same-sign
dilepton SUSY signal over the SM backgrounds. To en-
sure discovery, we use “hard” cuts as follows [13, 16]: ex-
actly two isolated leptons with pT > 10 GeV, at least
three jets with pT > (175, 130, 55) GeV, /PT > 200
GeV and a veto on tau jets. With those cuts, in the
dimuon channel alone, the remaining SM background
cross-section is dominated by tt̄ and is just 0.15 fb, while
the SUSY signal is 14 fb, leading to a 22σ discovery with
just 10 fb−1 of data [13, 16]. The distortion of the MT2⊥

shape with these hard offline cuts is illustrated by the
blue (rightmost) histogram in Fig. 2. The actual MT2⊥

Konar, Kong, Matchev, Park, 0910.3679
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Figure 5: Reconstructed cos θ!. Exact momenta without experimental smearing are used.

All combinations included. Only showing cos θ!+ for UED and cos θ!− for SUSY. The UED

(SUSY) PS distribution is obtained using the UED (SUSY) 2 → 2 differential cross-section

with all decays performed according to phase space. Left: before subtracting PS distribu-

tions; right: after subtracting PS distributions. We normalize the number of solutions for all

histograms on the left panel to 10k, and do the subtractions to obtain the distributions on

the right panel without further normalization.

respectively), but with all particles decayed according to phase space (PS). Comparing

Fig. 5(a) and Fig. 4, one can see that the distributions have been distorted from the
Monte Carlo truth by wrong combinations and wrong solutions, and the theoretical

linear and quadratic functions of Fig. 4 are lost. Nevertheless, the distributions of UED,
SUSY and PS are clearly distinguishable. We can also retrieve (some of) the theoretical

behavior by subtracting the UED and SUSY distributions from the corresponding PS
ones, which are shown in Fig. 5 (b). The subtracted distributions are much closer to
the original ones, although the contamination cannot be completely removed. Note

that SUSY and UED give rise to different PS distributions, which can be attributed to
the difference in the differential production cross section, as discussed in more detail

later in Sec. 3.4. A further potential obstacle is that, in practice, we do not know which
PS distribution to compare to. However, as shown in Fig. 5(b), the distributions are

still distinguishable even if we made the wrong subtraction.
The actual distribution observed in a collider detector is also subject to modifi-

cations from experimental smearing, cuts, efficiency, etc. We simulate the detector

response using a simplified approximation described in the Appendix, taking into ac-
count the detector coverage and momentum resolution7. The cuts on pT (> 10 GeV

7Of course, our detector simulation is far from a complete one, which has to include effects such as

– 11 –

Cheng, Han, 1008.0405



High energy lepton collider
provides a much cleaner environment to do these 
measurements. 

much easier to reconstruct kinematics. 

measurement as a function of ECM

Asano et al, 1106.1932

|θ|cos
0 0.2 0.4 0.6 0.8 1

0

0.01

0.02

0.03

IH−like

SUSY−like

LHT−like

(a) MC truth

Fr
ac
tio
n 
in
 0
.0
2 
bi
n

|θ|cos
0 0.2 0.4 0.6 0.8 1

0

0.005

0.01

0.015

0.02

0.025

IH−like

SUSY−like

LHT−like

(b) Reconstructed

Fr
ac
tio
n 
in
 0
.0
2 
bi
n

|1θ|cos
0 0.2 0.4 0.6 0.8 1

| 2θ
|c
os

0

0.2

0.4

0.6

0.8

1

0
20
40
60
80
100
120
140(c) IH−like

|1θ|cos
0 0.2 0.4 0.6 0.8 1

| 2θ
|c
os

0

0.2

0.4

0.6

0.8

1

0
20
40
60
80
100
120
140(d) SUSY−like

|1θ|cos
0 0.2 0.4 0.6 0.8 1

| 2θ
|c
os

0

0.2

0.4

0.6

0.8

1

0
20
40
60
80
100
120
140(e) LHT−like

|1θ|cos
0 0.2 0.4 0.6 0.8 1

| 2θ
|c
os

0

0.2

0.4

0.6

0.8

1

0
20
40
60
80
100
120
140(f) Background

Figure 7: Production angle distributions in the Point II study. (a) and (b) show

the generated and the reconstructed 1-dimensional distributions. (a) shows the true

distribution, while (b) includes both of the two solutions. (c)-(f) give 2-dimensional

distributions of the IH-like, the SUSY-like, the LHT-like, and the SM background,

normalized to σs = 200 fb and Lint = 500 fb−1.
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CF3.	
  For	
  direct	
  detec-on,	
  when	
  is	
  the	
  right	
  -me	
  to	
  move	
  from	
  small	
  projects	
  toward	
  
larger	
  ones?	
  	
  
	
  
Any	
  new	
  project	
  should	
  either	
  be	
  tes,ng	
  a	
  puta,ve	
  WIMP	
  signal,	
  or	
  have	
  substan,ally	
  
be+er	
  (~order	
  of	
  magnitude)	
  sensi,vity	
  to	
  WIMP-­‐nucleon	
  cross-­‐sec,on	
  in	
  some	
  mass	
  
range.	
  	
  With	
  high-­‐mass	
  WIMP	
  sensi,vi,es	
  con,nuing	
  to	
  improve	
  rapidly	
  from	
  one	
  year	
  
to	
  the	
  next,	
  it	
  simply	
  isn't	
  possible	
  to	
  stay	
  compe,,ve	
  without	
  scaling	
  up	
  in	
  target	
  
mass.	
  	
  The	
  programma,c	
  move	
  from	
  smaller	
  to	
  larger	
  projects	
  in	
  the	
  US	
  is	
  already	
  part	
  
of	
  DOE	
  and	
  NSF	
  strategy,	
  star,ng	
  with	
  the	
  selec,on	
  of	
  a	
  subset	
  of	
  so-­‐called	
  “Second	
  
Genera,on”	
  dark	
  ma+er	
  detectors,	
  and	
  looking	
  forward	
  to	
  worldwide	
  collabora,on	
  on	
  
a	
  few	
  large	
  scale	
  “Third	
  Genera,on”	
  installa,ons.	
  On	
  the	
  other	
  hand,	
  if	
  a	
  puta,ve	
  
WIMP	
  signal	
  is	
  seen	
  (such	
  as	
  the	
  current	
  indica,ons	
  at	
  8.6	
  GeV),	
  then	
  it	
  can	
  make	
  
sense	
  to	
  test	
  the	
  signal	
  with	
  several	
  approaches,	
  involving	
  mul,ple	
  targets	
  and	
  
technologies.	
  In	
  this	
  case	
  there	
  is	
  less	
  emphasis	
  on	
  scaling	
  to	
  a	
  few	
  large	
  projects,	
  and	
  
more	
  emphasis	
  on	
  mul,ple,	
  smaller	
  experiments	
  to	
  test	
  the	
  signal.	
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  McKinsey	
  	
  	
  	
  	
  	
  	
  	
  Direct	
  Detec,on	
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  Figeroa-­‐Feliciano,	
  arXiv:1307.5458)	
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CF4.	
  Dark	
  ma?er	
  direct	
  detec-on	
  will	
  reach	
  the	
  neutrino	
  background	
  at	
  some	
  
stage.	
  Although	
  this	
  background	
  is	
  not	
  formally	
  irreducible,	
  is	
  it	
  realis-c	
  to	
  think	
  
that	
  one	
  could	
  go	
  beyond	
  this?	
  What	
  experiments	
  would	
  make	
  this	
  possible	
  in	
  a	
  
cost-­‐effec-ve	
  way?	
  
	
  
Achieving	
  sensi,vi,es	
  below	
  the	
  neutrino	
  floor	
  will	
  require	
  extremely	
  large	
  
detectors	
  capable	
  of	
  disentangling	
  the	
  small	
  energy	
  dependence	
  of	
  neutrino	
  and	
  
WIMP-­‐induced	
  signal.	
  In	
  this	
  case,	
  maintaining	
  stable	
  opera,on	
  to	
  be	
  sensi,ve	
  to	
  
annual	
  modula,on	
  can	
  provide	
  an	
  addi,onal	
  constraint.	
  	
  Be+er	
  understanding	
  of	
  
solar	
  and	
  atmospheric	
  neutrino	
  physics	
  can	
  narrow	
  down	
  the	
  neutrino	
  spectrum	
  
normaliza,on	
  and	
  aid	
  in	
  background	
  subtrac,on.	
  	
  Detectors	
  with	
  direc,onal	
  
capability	
  and	
  head-­‐tail	
  discrimina,on	
  can	
  also	
  push	
  beyond	
  the	
  neutrino	
  floor,	
  
provided	
  they	
  are	
  very	
  large,	
  of	
  mass	
  10	
  tons	
  and	
  above.	
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CF5.	
  To	
  what	
  level	
  should	
  we	
  con-nue	
  to	
  search	
  directly	
  for	
  WIMP	
  dark	
  ma?er	
  
in	
  the	
  absence	
  of	
  a	
  convincing	
  signal?	
  Is	
  there	
  a	
  technique,	
  or	
  a	
  mo-va-on,	
  to	
  
search	
  beyond	
  the	
  neutrino	
  floor?	
  Is	
  there	
  a	
  natural	
  stopping	
  point	
  for	
  direct	
  
DM	
  searches?	
  
	
  
The	
  neutrino	
  floor	
  may	
  be	
  a	
  natural	
  stopping	
  point	
  if	
  the	
  cost	
  of	
  detectors	
  with	
  
masses	
  in	
  the	
  tens	
  of	
  tons	
  is	
  prohibi,vely	
  high	
  or	
  if	
  a	
  path	
  to	
  comparable	
  size	
  
direc,onal	
  detector	
  technology	
  cannot	
  be	
  demonstrated.	
  However,	
  from	
  the	
  
theory	
  side,	
  there	
  are	
  compelling	
  models	
  that	
  predict	
  a	
  variety	
  of	
  dark	
  ma+er	
  
masses	
  with	
  small	
  cross-­‐sec,ons,	
  mo,va,ng	
  con,nued	
  explora,on	
  of	
  WIMP	
  
cross-­‐sec,ons	
  beyond	
  the	
  neutrino	
  floor,	
  across	
  a	
  wide	
  range	
  of	
  WIMP	
  masses.	
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Tough Question C12
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’
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model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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Dwarf galaxies have almost no known astrophysical backgrounds, for backgrounds the GC is worst case.   HESS provides 
the best data on the GC (below, with point source at Sgr A* subtracted).   Better angular resolution can reduce the 
background from the tail of the PSF function, which dominates over other sources in the plane

Point source 
contamination with 
improving angular 

resolution
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Tough Question CF12
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’

Backgrounds get lower at higher energies, but even at 1-3 GeV with no background subtraction get a limit 

                      
 (Tim Linden, SLAC CF meeting)

within 1◦ ∼ 1× 10−7cm −2 s −1 ⇒ �σv� = 1.6× 10−25 cm 3s−1

Unlike other astrophysical sources, would see a universal hard spectrum (typically harder by ~E0.5) with a sharp cutoff.  The 
spectral shape would be universal:  the same throughout the GC halo, in halos of Dwarf galaxies, with no variability.   
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Tough Question CF11
``Can dark matter be convincingly discovered by indirect searches given astrophysical 
and propagation model uncertainties? Do indirect searches only serve a corroborating 
role?’’

• Neutrinos from DM annihilation in the sun would be a 
smoking gun signature.

• An annihilation line in the gamma-ray spectrum would also 
provide a smoking gun signature (if detected at high 
significance!)

• The primary astrophysical uncertainties come for gamma-
ray production come from uncertainties in the halo model.  
But even with uncertainties, the limits still reach the natural 
decoupling cross section.

• Extracting a DM signal from positron measurements does 
depend on backgrounds from secondaries produced in 
cosmic ray propagation, or astrophysical sources such as 
pulsars.   The measured positron excess is orders of 
magnitude above the generic expectations for WIMP 
annihilation.  However, a spectral feature (with a sharp 
cutoff) would be a strong indication of a signal.   

GC Limits!
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Background?

• Upper limits are straightforward, but demonstrating that there is a signal and not a 
misidentified background is hard - this is true for DD, ID and Colliders.
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Fig. 8. Left: The number of hits in the TRT outer module (Nouter
TRT ) for data and LL01 signal events (τχ̃±1 � 1 ns)

with the high-pT isolated track selection [13]. The selection boundary is indicated by the arrow. The expectation
from SM MC events, normalised to the number of observed events, is also shown. When charginos decay before
reaching the TRT outer module, Nouter

TRT is expected to have a value near zero; conversely, SM charged particles
traversing the TRT typically have Nouter

TRT � 15. Right: The observed and expected 95% CL upper limits on the
signal cross section as a function of chargino lifetime for mchargino = 90.2 GeV [13]. The bands indicate the ±1σ
and ±2σ variations on the median expected limit (dotted line) due to uncertainties.

5 Summary

Supersymmetry signals have been sought after by the ATLAS experiment, motivated by various mod-
els and topologies: strong production, 3rd generation fermions, mass degeneracies, R-parity violation,
among others. They lead to a wide spectrum of signatures: Emiss

T + jets + leptons / photons / b-jets /
τ-leptons, displaced vertices, not possible to cover all of them here; analyses based on photons and
τ-leptons are detailed in Refs. [14,15] and [16], respectively. No deviation from known SM processes
has been observed so far with ∼ 5 fb−1 at

√
s = 7 TeV. As both techniques and strategy keep evolving,

ATLAS will keep looking for supersymmetry with the new data that become available at the LHC.

The author acknowledges support by the Spanish MINECO under the project FPA2009-13234-C04-01 and by the
Spanish Agency of International Cooperation for Development under the PCI project A1/035250/11.
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Tough Question CF21: How do we discover that there is 
more than one type of  dark matter particle?

In the near term, it would take two convincing detections of dark 
matter that do not agree with each other. For example, direct detection 
of a 20 GeV WIMP (with many events) and unambiguous signature of a 
800 GeV WIMP in indirect gamma-ray searches and perhaps also at 
upgraded LHC. 

In the long term, one could have scenarios like the following.
• Direct searches and LHC find a 60 GeV neutralino. 
• Further LHC+ILC studies reveal it only contributes about half of the 
relic density. 
• In time, axion detectors make a discovery consistent with axions being 
the other half of dark matter. 
• Cosmological simulations and observations progress sufficiently that 
they ascertain dark matter is cold and non-interacting. 
• This scenario would extend our understanding of the universe back to 
nano-seconds. 

Sunday, July 28, 13



Tough Question CF23: If  dark matter has no SM 
interactions stronger than gravitational, are there any 
prospects for discovering its particle nature?

A concrete model may help with this 
discussion. Consider a Gravitino with 
weak-scale mass (say in MSUGRA) that 
can naturally inherit the NLSP (WIMP) 
abundance ( i . e . , the SuperWIMP 
scenario). 

Gravitinos could behave effectively as 
warm dark matter and have observable 
effect on  galaxies.

The decay of NLSP to Gravitino affects 
BBN.

NLSP could be produced and, if charged, 
trapped at the LHC.

charged WIMP

Gravitino

BBN

Strong 
lensing, 21 cm, 
Local Group

LHC
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Tough Questions
CF1) What criteria could be used to prioritize activities across the Cosmic Frontier?  The size of the communities?  The connection to other key 
questions in particle physics and astrophysics?  The variety of possible funding sources?

CF2) What are the needs for underground space for low-background direct searches, and are they met in current planning?

CF3) For direct detection, when is the right time to move from small projects toward larger ones?

CF4) Dark matter direct detection will reach the neutrino background at some stage.  Although this background is not formally irreducible, is it realistic 
to think that one could go beyond this?  How can one accomplish this cost-effectively?

CF5) Is there a natural stopping point for direct DM searches?  Is there a technique or motivation to go beyond the neutrino floor?

CF6) Suppose direct experiments using one target are significantly more sensitive to σSI.  Is there a rationale for supporting non-leading targets?

CF7) How important is it to carry out direct searches with different nuclei versus having multiple same-material detectors as cross checks?

CF8+CF9) How does one convincingly demonstrate that the low mass WIMP detection efficiency is well-understood?  How can the conflicting results at 
low WIMP mass be resolved?  What is the next step?

CF10) What can we learn about dark matter from direct detection? How important is directional technology?

CF11) Can dark matter be convincingly discovered by indirect searches given astrophysical and propagation uncertainties?  

CF12) How does one demonstrate that the backgrounds to indirect searches are under control?

CF13+14)What are the target ranges for axion searches and how are they motivated?  What systematics affect interpretation of axion searches?

CF15) What are the most promising techniques to extend searches for non-WIMP dark matter?

CF16) Can astrophysics reveal specific properties of dark matter particles, e.g. self-interactions or primordial velocities?

CF17) Is CDM in good agreement with structure at all scales?  Can baryonic astrophysics rectify any discrepancies?

CF18) What would it take to convince ourselves of a discovery of one, more than one, all of, or a fake signal of dark matter?

CF19+20) What is the full set of measurements one is likely to make of dark matter from cosmic frontier probes alone?

CF21) How do we discover that there is more than one type of dark matter particle?

CF22) Would inputs from particle physics (such as the mass) help with indirect searches?  What accuracy is needed?

CF23) What are the constraints on theories in which dark matter has no SM interactions stronger than gravitational?  In such case, are there prospects 
for discovering its particle nature?

CF24) It has turned out that missing transverse energy is a very effective signature for discovery at the LHC.  So, have we ruled out WIMP dark matter 
with mass below 500 GeV?


